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The original interest in these systems stems from the need to selectively 
extract heavy alkaline-earth metals from various media. 276-280 A number 
of alkaline-earth compounds with polydentate ligands and anionic ligands 



Fig. 49. ORTEP drawing of \cioso-\ ,1,1,l-(MeCN) 4 -l,2,4-CaC2B !0 H 12 ]. The average 
Ca—N bond distance is 2.481(36) A. and the Ca—C and Ca—B bond distances have ranges 
of 2.701 (5)—2.895(5) A and 2.649(6)-2.935(6) A, respectively. (Redrawn from Ref. 260.) 
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other than alkoxides or /3-diketonates have been prepared. They include 
the thiocyanates: M(NCS) 2 L„ • mH 2 0 (n = 1, L = tetraglyme, penta- 
glyme, 18-crown-6, 12-crown-4, glycols, cryptand, etc.; n = 2, M = Ba, 
L - 12-crown-4) 168,281-290 ; the halides: BaX 2 L • mH 2 0 (X = Cl, Br, I, 
L = 18-crown-6, polyamines; X = Cl, L = cryptand 222B, m = 
^168.228,281,283,291-294. mC 1 2 L (L = ethylene glycols) 295 ; the chlorates, ni¬ 
trates, and perchlorates; M(C10 3 ) 2 L (L = diethylenetriamine), 291 
M(N0 3 ) 2 L, 168 ' 295-297 and M(C10 4 ) 2 L (L = 18-crown-6 and derivatives, 
ethylene glycols, polyamines) 223 ' 291,298,299 ; the phosphates and tosylates: 
M(P0 2 (OR) 2 ) 2 (18-crown-6) H 2 0 (M = Sr, Ba; R = n- Bu) 300 and M 
(C 7 H 7 S0 3 ) 2 L„ (M = Sr, Ba, n = 1; M = Ca, n = 2; L = hexaglyme) 301 ; 
the hydroxides, selenides, and polytellurides: Ba(OH) 2 L (L = 18-crown- 
6 and derivatives), 168,281 [Sr(15-crown)-5 2 ]Te 4 • H 2 0, 228 and [Ba(18-crown- 
6)(DMF) 4 ][Cd(Se 4 ) 2 ] 302 ; and the sulfonates, carboxylates, and thiocarbox- 
ylates (Table VII). Excluding the anhydrous compounds in Table VII, 
most of the other MX 2 ■ L compounds were prepared by reaction of MX 2 
with the polydentate ligand in solvent. The anhydrous compounds were 
synthesized by reaction of MH 2 with RCOOH, RS0 3 H, and RCOS(H) 
and polyether in ethanol [Eq. (29)]. Yields by these methods are typically 
excellent (>80%). 

MH 2 + 2HA + L-* MA 2 L + 2H 2 (g) (29) 

(M = Ca, Sr, or Ba; A = RCO : , RCOS, RS0 3 ; L = polyether; solvent = THF or alcohol) 

4. Other Compounds with Polydentate Ligands: Chemical and Physical 

Properties of Ca, Sr, and Ba Compounds of Type MX 2 {Polydentate) (X = 

RC0 2 , RCSO, RS0 3 , SCN, V0 3 , C/0 4 , C/0 3 , ( R0) 2 P0 2 , OH, Te 4 , 

Halide , Tosylate) 

Most of these compounds are colorless or white solids that melt at high 
temperatures or in many instances decompose before melting. Although 
many are monomeric, they are involatile and lose polyether on attempted 
sublimation. They are insoluble in hydrocarbons, but soluble in coordinat¬ 
ing solvents such as alcohols and water. This behavior is accordant with 
that observed for the base-free and mono- and bidentate base-containing 
salts and suggests that the polyether adducts are similarly ionic in charac¬ 
ter. Structures vary; the M(NCS) 2 L (Ca, Sr, or Ba) compounds usually 
have the polydentate ligand around the center of the metal with the SCN 
ligands, bonded through nitrogen, either on the same side of the metal 
with a water molecule coordinated on the other side or on opposite sides 
when no water or protic groups (-OH) are present. 168,281-290 Polyether 
ligands coordinate around the center of the metal, except for 12-crown- 
4, which sits to one side. 288 



TABLE VII 

Ca, Sr, and Ba Carboxylate, Thiocarboxylate, and Sulfonate Polyether Adducts and Their Physical Properties' 


Product of therm. 


Compound 

^ y JC0 2 ) (cm ■) 

Coord, no. 


Solubility h 

dec. (dry air) 

Characterization' 

Ref. 

[Ba(pivalate)(dicyclohex- 
ano-18-cro wn-6)(H 2 0) 2 ] 
(pivalate)H 2 0 

* 

9 

s 

= a: b 

* 

X-ray 

303 

Sr(pivalate) 2 (dicyclohex- 
ano-18-cro wn-6) ■ H 2 0 

* 

10 

s 

= a: b 

* 

X-ray 

303 

Ba(pivalate) 2 ( 18-crown-6) 

* 

10 

s 

= c 

* 

X-ray 

304 

[Ba(adipate) 2 (18-crown-6) • 
8H 2 0 ] x 

* 

10 

s 

= a; ss = b; is — c 

BaC0 3 

TGA, X-ray, >H NMR 

267 

Ba(0 2 CCH 3 ) 2 • (18-crown- 
6) M.5H 2 0 

* 

10 

s 

= a: b 

* 

EA, ! H NMR 

168 

Ba(0 2 CCH 3 ) 2 • (18-crown- 
6) ■ 4H 2 0 " 

1560 

10 

s 

- a; ss = b; is = c 

BaC0 3 

IR, TGA, X-ray, ! H NMR 

267 

[Sr(3,5-dinitrobenzoate) 

(H 2 0)(TEG)][3,5- 

dinitrobenzoate] f/ 

* 

9 

* 


* 

X-ray 

305 

Ca(3,5-dinitrobenzoate) 2 
(benzo-15-crown-5) • 

3H 2 0 

* 

9 

s 

= a:b 

* 

X-ray 

306 

|CaCl][SrCl{(PhNHCO) 2 
(COO) 2 -18-cro wn-6}] 

* 

9 

s 

- a: b 

* 

X-ray 

293 

[Ca{(PhNHCO) 2 (COO) 2 -18- 
crown-6}] * 3H 2 0 

* 

9 

s 

= a: b 

* 

X-ray 

293 

Ba(0 2 CCF 3 ) 2 (18-crown- 
6) ■ H 2 0 

* 

* 

* 


* 

EA, ‘H NMR 

168 

Ba(0 2 CCF 3 ) 2 ( 18-crown-6) 

1696, 1672 

* 

s 

= a, b, e; ss - d 

BaF 2 

EA, IR, TGA, 13 C, ’H 

NMR 

150 




Ba(0 2 CCF 3 ) 2 ( 18-crown- 

1700, 1678 

10 

s = f 

BaF 2 

EA, IR, TGA, l3 C, 'H 

150 

6)(py) 





NMR, X-ray 


Ba 2 (0 2 CCF 3 ) 4 (l5-crown-5) 2 

1717 

9 

s = a, b; ss = d; is = c 

BaF 2 

EA, IR, TGA, l5 C, 'H 

150 






NMR, X-ray 


Ba 2 (0 2 CCF 3 ) 4 ( 12-crown-4) 2 

1690 

8-9 

s = a, b; ss = d; is = c 

BaF 2 

EA, IR, TGA, °C, 'H 

150 






NMR, X-ray 


Ba(0 2 CCF 3 ) 2 ( 18-crown- 

1695, 1669 

10 

s = a, b 

BaF 2 and BaC0 3 

EA, IR, TGA, l3 C, 'H 

150 

6 A OH Y 





NMR, X-ray 


Ba 2 (0 2 CCF 3 ) 4 ( 15-crown- 

1707, 1676 

9 

s = a, b 

BaF 2 

EA, IR, TGA, l3 C, 'H 

150 

5 A OH) 2 e 





NMR, X-ray 


Ba(0 2 CCF 3 ) 2 (cryptand 

1694 

10 

s = b, c 

BaF 2 

EA, IR, TGA, 13 C, 'H 

266 

(222)) 





NMR, X-ray 


[Ba 2 (0 2 CCF 3 ) 4 (tetra- 

1686, 1655 

9 

s = b, d; ss = c 

BaF 2 

EA, IR, TGA, l3 C, 'H 

150 

glyme)] x 





NMR, X-ray 


[Sr 2 (0 2 CCF 3 ) 4 (tetraglyme)] x 

1697, 1658 

9 

s = b; ss = d; is — c 

SrF 2 

EA, IR, TGA 

150 

Ba 2 (0 2 CCF 3 ) 4 (triglyme) 

1693 

8-9 

s = a. b; ss = d; is = c 

BaF ; 

EA, IR, TGA, l3 C, 'H 

150 






NMR, X-ray 


Ba(0 3 SCF 3 ) 2 ( 18-crown- 

* 

* 

* 

* 

EA, 'H NMR 

168 

6) • H 2 0 







Ba(0 3 SCF 3 ) 2 (tetraglyme) 

1288, 1256 


s = b 

BaF 2 

EA, IR, TGA, l3 C, 'H 

150 


(s - 0) 




NMR 


Ca(SOCCH 3 ) 2 ( 15-crown-5) 

1534, 1499 

8 

s == b 

CaS (in N 2 ) 

EA, IR, TGA, l3 C, 'H 

270 


NMR, X-ray 


" * = information not available. 

b s = soluble, ss = slightly soluble, is = insoluble; a = water, b - alcohols, c = toluene, d = tetrahydrofuran, e = chloroform, g = pyridine. 

EA (elemental analysis), IR (infrared), NMR (nuclear magnetic resonance), TGA (thermogravimetric analysis), X-ray (single crystal X-ray diffraction). 
d TEG is tetraethylene glycol. 

^ A = methylene group (—CH 2 —). 




302 


W. A. WOJTCZAK, P. F. FLEIG, AND M. J. HAMPDEN-SMITH 


The barium atom in the cryptand compound [Ba(222B)(H 2 0) 2 ] 
(Cl) 2 * 4H 2 0 is coordinated by two water molecules and the two nitrogen 
atoms and six oxygen atoms of the cryptand to give a coordination number 
of 9 (Fig. 5 0 294 ). The chloride ions are not coordinated to the metal center, 
which is typical for halide compounds with polydentate ligands. The struc¬ 
tures for the chlorate, nitrate, and perchlorate compounds cannot be so 
easily grouped. 223,291,295 ' 299 In some cases both anions are bonded to the 
metal, and in others one or none are bonded to the metal. The particular 
structural type is mostly dependent on the polyether used and the degree 
of hydration. Water molecules and alcohol groups (glycols) seem to prefer¬ 
entially bond to the metal centers over halide and perchlorate ligands, 
which in many instances are relegated to the outer coordination sphere. 

The carboxylate compounds show the greatest structural diversity and 
have perhaps the most covalent metal-ligand bonding of this group of 
adducts. The structurally characterized trifluoroacetate compounds in Ta¬ 
ble VII have five distinct structural types. The structures of three of 
these, Ba 2 (0 2 CCF 3 ) 4 ( 15-crown-5) 2 , [Ba 2 (0 2 CCF 3 ) 4 (tetraglyme)] 3C , and 
Ba(0 2 CCF 3 ) 2 (18-crown-6 OH), are shown in Figs. 51-53. 150 


C9 Ci(2) 



Fig. 50. ORTEP drawing (25% probability level) of [Ba(222B)(H 2 0) 2 ](Cl) 2 ■ 4H 2 0. (Re¬ 
drawn from Ref. 294.) 




Fig. 51. ORTEP drawing of Ba 2 (0 2 CCF3)4(15-crown-5)2. The average Ba—O ether and 
carboxylate bond distances are 2.991 A and 2.644 A, respectively, and the Ba *Ba distance 
is 4.735(1) A. (Redrawn from Ref. 150.) 



Fig. 52. ORTEP drawing of [Ba 2 (0 2 CCF 3 ) 4 (tetraglyme)] x . The Ba—O cthcr (bridging) and 
average Ba—O ether (chelating) bond distances are 3.080(5) A and 2.791(15) A, respectively. 
The average Ba—O car5ox bridging (two types) and chelating bond distances are 2.674(9) A, 
2.758(21) A, and 2.903(70) A, respectively. (Redrawn from Ref. 150.) 
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Fig. 53. ORTEP drawing of BatCbCCF^b * (18-crown-6~OH). The Ba—O aIcoho , and aver¬ 
age Ba—O ether bond distances are 2.856(7) A and 2.828(29) A, respectively. The average Ba— 
O car5ox chelating and dangling bond distances are 2.836(13) A and 2.677(6) A, respectively. 
(Redrawn from Ref. 150.) 


Ba 2 (0 2 CCF 3 ) 4 (15-crown-5) 2 , and related species with similar structures 
such as Ba 2 (0 2 CCF 3 ) 4 (triglyme) 2 and Ba 2 (0 2 CCF 3 ) 4 (12-crown-4) 2 , has four 
bridging trifluoroacetates with side-on bonding of the polyether ligands. 
The three compounds are quite similar in that all have small polyethers 
that prefer to sit to one side of large metal centers. This, coupled with 
the proclivity of CF 3 C0 2 to bridge metal centers, gives the structure shown 
in Fig. 51. These centrosymmetric compounds have one ^ asym (C0 2 ) stretch 
in the range 1690-1720 cm" 1 . 150 The polymeric compound [Ba 2 (0 2 CCF 3 ) 4 - 
(tetraglyme)L has long zigzag chains of barium atoms in the solid state. 
The barium atoms are held together by two types of trifluoroacetate coordi¬ 
nations. One set of trifluoroacetate ligands bridges the zig metal centers 
to the zag metal centers, and the other set acts in the dual capacity of 
chelating and bridging zig metal centers (Fig. 52). The tetraglyme ligand 
is shared between each two-metal center unit, with the center ether oxygen 
atom ^-bridging the metals. Two ^ asym (C0 2 ) stretches are observed for 
both the Ba and Sr compounds between 1650 and 1700 cm' 1 . 150 The 
compounds are soluble in THF, which suggests that some deoligomeriza¬ 
tion occurs in coordinating solvents. The alcohol-functionalized 18-crown- 
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6 compounds, Ba(0 2 CCF 3 ) 2 (18-crown-6 OH) and Ba 2 (0 2 CCF 3 ) 4 (15- 
crown-5 OH) 2 , have different structures. The species Ba(0 2 CCF 3 ) 2 
(18-crown-6 OH) is monomeric and similar in structure to Ba(0 2 CCF 3 ) 2 
(18-crown-6)(py), with one chelating and one dangling trifluoroacetate 
group and the 18-crown-6 ligand bonded to the metal center through its 
one alcohol and six ether oxygen atoms (Fig. 53). The trifluoroacetate 
ligands lie on opposite sides of the crown ether. Apparently, a Ba-O alcohol 
interaction is more favorable than the chelating of both trifluoroacetate 
ligands. The intermolecular hydrogen bond between the nonbonded car- 
boxylate oxygen atom and an alcohol group of a neighboring 18-crown- 
6 OH ligand would seem to make this statement precarious; however, a 
similar situation occurs in Ba(0 2 CCF 3 ) 2 (18-crown-6)(py), where the Ba— 
Np yr idine bond results in a dangling trifluoroacetate ligand, and no hydrogen 
bonding exists in this compound. In both compounds the metal coordina¬ 
tion number is 10, which seems to be the upper bound for these types of 
species. Both compounds have two ^ asym (C0 2 ) stretches between 1630 
and 1700 cm -1 . In Ba 2 (0 2 CCF 3 ) 4 (15-crown-5 OH) 2 , the alcohol group also 
bonds to the metal, but side-on bonding of the ether opens up one side of 
the metal center, and two trifluoroacetate groups bridge to give a dinuclear 
structure (Fig. 54). The chelating trifluoroacetate ligand has two distinct 
Ba—O bond distances, a long bond distance of 3.266(20) A for the oxygen 
atom that is involved in a intramolecular hydrogen bond to the alcohol 
group of the 15-crown-5 OH ligand, and a short bond distance of 2.183(10) 
A for the oxygen atom bonded only to the barium atom. Again, two 
^ asy m(C0 2 ) stretches are observed for this compound. 

The structure of Ba(0 2 CCF 3 ) 2 (cryptand(222)) is perhaps the most 
interesting in that each trifluoroacetate group is bonded to the barium 
center through only one oxygen atom (Fig. 55). This is probably a conse¬ 
quence of both the encapsulation of the barium atom in the cryptand and 
the chelate effect of coordinating eight donor atoms of the cryptand to 
the metal. This compound has good solubility in alcohols and THF and 
is moderately soluble in toluene. 150 

The structures of most of the nonfluorinated carboxylates show striking 
similarity to those of the M(/3-diketonate) 2 (18-crown-6) compounds. The 
carboxylates chelate on opposite sides of the metal center with the ethers 
between. When a dicarboxylate ligand is employed, such as adipate, a 
polymeric structure with chelating carboxylate groups and bridging adi¬ 
pate ligands results. 267 A few nonfluorinated carboxylate compounds have 
other structural types. In [Ba(pivalate) • (dicyclohexano-18-crown- 
6)(H 2 0) 2 ](pivalate) * H 2 0, only one of the carboxylate groups is bonded 
to the barium center. 303 The analogous strontium compound has both 
carboxylates chelating the metal center. The authors attribute this differ- 





Fig. 55. ORTEP drawing of Ba(0 2 CCF 3 ) 2 [cryptand(222)]. The average Ba— N, 
Ba— Oethen and Ba—' Ocarboxviate bond distances are 2.963(4), 2.831(28), and 2.778(5) A, respec¬ 
tively. The C— O bond distances in the trifluoroacetate ligand are similar: 1.194(9) A and 
1.221(8) A (oxygen atom bonded to metal). (Redrawn from Ref. 150.) 


Fig. 54. ORTEP drawing of Ba 2 (0 2 CCF 3 )(15-crown-5*OH) 2 (dashed lines indicate 
a probable hydrogen bond). The Ba—O ethcr bond distances have a range of 2.762(6)- 
2.962(6) A. The Ba—O alcohol and average Ba—O carboxylalc bridging bond distances are 2,844(6) 
A and 2.684(59) A, respectively. (Redrawn from Ref. 150.) 
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ence to factors relating to ion size. 303 The anhydrous 18-crown-6 com¬ 
pound, Ba(pivalate) 2 (18-crown-6), has both carboxylate groups chelating 
to the metal and has good solubility in toluene. 304 The nitrobenzoates 
usually have the carboxylate groups bonded to the metal through both 
oxygen atoms, and in some instances the -N0 2 groups also coor¬ 
dinate. 305 306 

The thiocarboxylate Ca(SOCMe) 2 (15-crown-5), Fig. 56, is monomeric, 
with the 15-crown-5 ligand on one side of the metal center with a chelating 
and a dangling thioacetate ligand on the other side. 270 The dangling ligand 
is bonded through oxygen to the calcium center. This structure is in 
contrast to that of Ba 2 (0 2 CCF 3 ) 4 (15-crown-5) 2 , 150 which is dimeric with 
bridging carboxylates. Apparently, the thiocarboxylate ligand is less in¬ 
clined to assume a bridging position than a trifluoroacetate ligand. Also, 
the smaller size of calcium and the coordinating ability of sulfur are un¬ 
doubtedly important factors in determining the structure. The structure 
of Ca(SOCMe) 2 (15-crown-5) is also in contrast to that of the corresponding 
Sr compound, Sr(SOCMe) 2 (15-crown-5), 307 Fig. 57, which is similar, but 
now with both of the thioacetate ligands chelating. Space-filling models 
are consistent with the explanation that the larger size of Sr compared to 
Ca enables the second thioacetate to chelate rather than dangle. The 
barium compound, Ba(SOCMe) 2 (l8-crown-6), 307 Fig. 58, exhibits the now- 



Fig. 56. ORTEP drawing of Ca(SOCMe) 2 (15-crown-5). The average Ca—O ether bond 
distance is 2.493(26) A. The Ca— O thioacet at c dangling bond distance is 2.282(3) A, and the 
average Ca—O and Ca—S bond distances for the chelating thioacetate, which is disordered 
over two positions, are 2.459(44) A and 2.917(52) A, respectively. (Redrawn from Ref. 270.) 
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Fig. 57. ORTEP drawing of Sr(SOCMe) 2 (15-crown-5). The average Sr—O ether , Sr— 
O t hioacetate •> and Sr—S bond distances are 2.717(50) A, 2.566(21) A, and 3.132(71) A, respec 
tively. (Redrawn from Ref. 307.) 



Fig. 58. ORTEP drawing of Ba(SOCMe) 2 (18-crown-6). The average Ba— O cthcr , Ba— 
O thi oacetate’ an( * Ba—S bond distances are 2.802(17) A, 2.875(7) A, and 3.325(71) A, respec 
tively. (Redrawn from Ref. 307.) 
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familiar structure with the Ba in the coordination plane of the 18-crown- 
6 ligand with the remaining anionic ligands, thioacetates in this case, above 
and below this coordination plane. 

Ca(SOCMe) 2 (15-crown-5) gives a mixture of metal oxide and sulfate on 
thermolysis in air. However, thermolysis under scrupulously anaerobic 
conditions yields CaS. The compound is slightly volatile and has been 
successfully employed as a precursor to CaS thin films by CVD {vide 
infra). 210 

The polyether carboxylate and sulfonate adducts lose crown ether on 
attempted sublimation. The fluorinated carboxylates and sulfonates form 
MF 2 when thermally decomposed in dry air, whereas the nonfluorinated 
carboxylates form MC0 3 . 136,267 Their dissociation on sublimation makes 
them unattractive for scaleable CVD applications, but they show promise 
in MTi0 3 film formation by solution methods. This is discussed further 
in the CVD section. 


IV 

CHEMICAL VAPOR DEPOSITION OF FILMS CONTAINING 
GROUP 2 ELEMENTS 

In this section the results of deposition experiments using some of the 
Group 2 compounds discussed in the previous sections are described. 
This discussion is focused on the characteristics and observations of the 
various Group 2 compounds for film deposition, rather than on a detailed 
description of the deposition experiments and properties of the films, 
because the latter aspects have been reviewed elsewhere. Tables VIII-X 
provide an overview of representative examples of materials, precursors, 
and experimental conditions that have been used for the deposition of 
Group 2 metal-containing films. These tables are organized according 
to the materials deposited, namely, MF 2 (Table VIII), perovskite-phase 
MTi0 3 (Table IX), and ceramic superconductors (Table X). The deposition 
of Group 2 element-containing films is described in the same order as the 
ligand chemistry described in Section III. 


A. Group 2 Metal Amides and Phosphides 

Although a number of Group 2 metal amides and phosphides have 
been prepared that are potentially suitable as precursors for CVD, to our 
knowledge they have not been utilized for this purpose. 



TABLE VIII 

Summary of Conditions and Results of CVD of Metal Fluoride Films 





Carrier 







Entry 



gas/other 

Deposition 






no. 

Group 2 precursor" 

Other precursor 

reagents 

temp. (°C) 

Substrate 

Deposit 

Growth rate 

Comments 

Ref. 

1 

Ba(dfhd), (200-210) 

Pr(ppm), (160-180) 

0 2 /Ar 

750 

CaF, (III) 

Pr-doped 

200-400 nm/hr 
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BaF, 




2 

Ba(dfhd) 2 (200-230) 

— 

0 2 /Ar 

750 

CaF : (111) 

BaF : 

100-500 nm/hr 
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3 

Ba(ofhd), (210) 

— 

Oi/Ar 

700 

CaF, (III) 

BaFi 

50-300 nm/hr 


159, 310 

4 

M(hfac) 2 (180-255) 

— 

0 2 

500-525 

Si 

CaF, 

Up to 500 nm/hr 


154 







SrF 2 










BaF : 




5 

BaX 2 (tetraglyme) (175) 

X = hfac, tfac, thd 

— 


650 

Quartz 

BaF 2 

0.2 /am/hr 


190 

6 

M(hfac) 2 (tetraglyme) 

M = Ca, Sr. Ba (90-130) 

— 


450-550 

Si(l 11) 

mf 2 

— 


189 

7 

Ca(thd) 2 (195) 

— 

n 2 /hf 

260-400 

Glass 

CaF : 

— 

Atomic layer 

311 







SrF 2 


deposition 



Numbers in parentheses are the temperatures to which the precursor was heated. 
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B. Group 2 Metal Cyclopentadienyl Compounds 

There have been few reports of the use of Group 2 cyclopentadienyl 
compounds as precursors for CVD. The derivatives containing unsubsti¬ 
tuted cyclopentadienyl rings are oligomeric, but some of the substituted 
derivatives are monomeric and therefore potentially suitable. Tasaki et 
a/. 102 have reported that Ba and Sr pentamethylcyelopentadienyl com¬ 
pounds vaporized at much lower temperatures than the dpm complexes. 
They assessed the suitability of these reagents for depositing Group 2 
metal-containing films by transporting them to an MgO (100) substrate 
heated to 800°C in the presence of N 2 0 and 0 2 as oxidants. They observed 
that the lowest temperature to which the precursor container needed to 
be heated to produce a film was 130 and 100°C for M(C 5 Me 5 )(THF) 2 , 
where M = Ba and Sr, respectively, and 190 and 150°C for M(dpm) 2 , 
M = Ba and Sr, respectively (with presumably some loss of THF; see 
Section 111). However, some of the disadvantages of using this class of 
precursors were also noted in this work, especially their high reactivity 
toward small molecules. For example, Tasaki et al . observed with both 
0 2 and N 2 0 that under certain conditions, increasing the concentration 
of these oxidizing agents reduced the deposition rate. This is consistent 
with gas-phase reactions between the reagents, which decrease the con¬ 
centration of the Group 2 precursor in the vapor phase that reaches the 
surface. 

The only other reports of the use of this class of compounds as precur¬ 
sors for CVD we have found are in Japanese patent applications and 
general descriptions of work in progress in review articles. Sato and Su- 
gawaran 341 have reported the use of Ba alkenyl, benzyl, and cyclopentadie¬ 
nyl derivatives in the CVD of various ceramic superconductors, while 
Yamada and Morimoto 342 have claimed the use of Group 2 cyclopentadie¬ 
nyl reagents such as Ba(C 5 Me 5 ) 2 , together with Cu(dpm) 2 and Y(dpm) 3 , 
for the deposition of YBa 2 Cu 3 O v superconducting films by CVD; they also 
report the use of barium porphryn compounds, 343 but no details are 
available. 

The species Ba[l,2,3,4-(/-Pr) 4 C 5 H] 2 has been reported to have similar 
volatility as Ba(dpm) 2 and Ba(fod) 2 , but the use of this compound for 
CVD of Ba-containing films has not been reported. Schulz and Marks 18 
have reported the growth of BaPb0 3 films using the more sterically encum¬ 
bered species Ba[(/-Bu) 3 C 5 H 2 B as a Ba source. The donor functionalized 
derivatives M[C 5 H 4 {(CH 2 ) W ER}] 2 , where M = Ca, Sr, Ba; ER = OMe, 
OEt, and NMe 2 , have also been prepared but not yet successfully used 
to transport Ba for the deposition of ceramic superconductor films. 19 
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Entry 

no. 

Group 2 
precursor" 

Other precursor 

Carrier 

gas/other 

reagents 

Deposition 
temp. (°C) 

1 

Ba(thd) 2 (240) 

Ti(0-/-Pr) 4 

o 2 

800-1000 

2 

Sr(dpm) 2 (215) 

Xi(0-/-Pr) 4 

o 2 

750 

3 

Ba(tmhd) 2 (250) 

Ti(0-/-Pr) 4 

n 2 o 

280-400 

4 

Ba(tmhd) 2 (230) 

Ti(0-/-Pr) 4 

0 2 

600 

5 

Ba(thd) 2 ■ (f^O),, 
(230) 

Ti(0-/-Pr) 4 

o 2 

600 

6 

Ca(dpm) 

(220-250) 

Ti(0-/-Pr) 4 
Fe(acac) 3 (115) 

n 2 /o 2 

650-900 

7 

Ba(dpm) 2 (250) 
Sr(dpm) 2 (250) 

Ti(0-/-Pr) 4 

0 2 /N 2 0 thf 

650 

8 

Ba(thd) 2 (245) 

Ti(0-/-Pr) 4 

Ar/0 2 

600 

9 

Sr(dpm) 2 

(200-230) 

Ti(0-/-Pr) 4 

0 2 /H 2 0 

600-850 

10 

Ba(dpm) 2 (325) 

Fe(Cp) 2 (65) 

o 2 

775 

11 

M(dpm) 2 

— 

o 2 /n 2 o 

800 


(150-190) 
M(C 3 Me 5 ) 2 
(100-130) 
M - Ba, Sr 


IX 

of Perovskite-Phase Metal Oxide Films 


Substrate 

Deposit 

Growth rate 

Comments 

Ref. 

Pt (100) MgO 

BaTiO, 

1.2 jum/hr 

BaTi0 3 

312 

(100) 

Si(100) 

SrTi0 3 

10-15 nm/hr 

(200) 

reduced 

323 

Mg (100) 
p-lnP (100) 

BaTi0 3 

~/nm/min 

pressure 

314 

quartz 

BaTi0 3 

—0.3 fj, m/hr 

reduced 

315 

MgO (100) 

BaTi0 3 

190 nm/hr 

pressure 

316 

Si0 2 

Ca(Ti, Fe)0 3 

not reported 

— 

317 

Pt 

Ba 1 _ v Sr v Ti0 3 

_ 

liquid 

318 

Si (100) 

BaTi0 3 

<0.5 ^tm/hr 

delivery 

30 

A1 2 0 3 (1102) 

Pt 

NaCl (100) 
sapphire (0001) 


0.3-4.5 jum/hr 

reduced 

31 

MgO 

BaFe I2 0 19 


pressure 

reduced 

319 

ZnGa 2 0 4 

MgO (100) 

MO 

80 A/hr 

pressure 

102 




12 

Sr(thd) (200-340) 

— 

h 2 o, h 2 s 

200-420 

13 

Ba(diethylhexa- 

noate) 2 

Ti(0-/-Pr) 4 (acac) 2 

n 2 /o 2 / 

/i-BuOH 

(solvent) 

450-600 

14 

Sr(dpm) • L 
(100-150) 

Ti(0-/-Pr) 4 

0 2 

450-650 

15 

Ba(thd) 2 

(tetraglyme) 

Ti(0-/-Pr) 4 (thd) 2 

— 

840 

16 

Ba(thd) 2 (pmdt) 

Ti(0-/-Pr) 4 

HO-/-Pr 

not reported 

17 

Sr(hfac) 2 

(tetraglyme) 

(102-108) 

Ti(0-/-Pr) 4 

o 2 

800-810 

18 

Ba(hfac) 2 

(tetraglyme) 

(105-120) 

Ti(0-/-Pr) 4 

o 2 /h 2 o 

600-800 

19 

Ba(hfac) 2 

(tetraglyme) 

(111-115) 

Sr(hfac) 2 

(tetraglyme) 

(108-113) 

Nb(OEt) 5 

(100-112) 

o 2 /h 2 o 

>800°C 

20 

M(hfac) 2 

(tetraglyme) 

(90-120) 

Cu(acac) 2 

not reported 

450-550°C 

21 

Ba(hfac) 2 (poly- 

Ti(0-/-Pr) 4 

o 2 /h 2 o 

775 


ether) (116) 


Ag 

SrS 

SrO 

— 

ALE 

320 

p-Si (100) 

BaTi0 3 

~200 A/min 

aerosol- 

assisted 

CVD 

38 

Pt/Ta/Si0 2 

SrTi0 3 

0.5 nm/min 

L = ~50 
different 
adducts 
studied 

321 

MgO (100) 

BaTi0 3 

— 

— 

322 

not reported 

BaTi0 3 

not reported 

liquid 

delivery 

42 

LaA10 3 (100) 

SrTiO, 

40-120 A/min 

reduced 

pressure 

323, 324 

LaA10 3 (100) 

BaTi0 3 

0.3-1.5 p,m/hr 

reduced 

pressure 

325, 326 

MgO (100) 

Sr v Baj. v 

Nb 2 0, 

0.2-1.5 /xm/hr 

reduced 

pressure 

327 

Si(l 11) 

MF, 

BaCaCuO v 

not reported 

TGA/DSC 
study of 
Group 2 
precursors 

189 

LaA!0 3 

BaTi0 3 

not reported 

— 

328 


Numbers in parentheses are the temperatures to which the precursor was heated. 




Summary of Conditions and Results 


Entry 

no. 

Group 2 precursor 

Other 

precursor 

Carrier 
gas/other 
reagents 

Deposition 
temp. CC) 

1 

Sr(dpm) 2 < 145-230) 
Ca(dpm) 2 

BiPli* 

Cu(acac)-. 

o 2 /h 2 o 

550 

2 

Sr((dpm) ; 

Ca(dpm) 2 

BiPh* 

Cu(acnc) : 

Ar/N 2 0 

625-700 

3 

Ba(dpin) 2 

Yklpm)* 

Cu(dpm)i 

Ar/N 2 () 

740 

4 

Ba(tmhd) 2 

Cu(tmhd) : 

Y(tmhd), 

He/0 2 

700-710 

5 

Ba(dpm) : (250) 

Y(dpin)* (100) 
Cu(ucac) 2 (150) 

o 2 /n 2 o 

610 

6 

Ba(dpm) ; (220) 

Ytdpm), (120) 
Cu(acac) 2 (180) 

Ar/N 2 () 

700 

7 

Ba(thd), (180-250) 
Ba(thd)i(telraglymc) 

(Y(thd)O 


500 

8 

Ba(fod) 2 (160-210) 
Ca(dpm) : 

Cu(acae) 2 

TICp 

o 2 /h 2 o 

600 

9 

Ba(tdfnd) : - H : () 

(80-107) 

(u(t mhd) : 

(101) 

Yftmhdh (108) 

o,/n 2 

660 

10 

Ba(hiac) 2 ( 18-crnwn-6) 

(189) 

Cu(thd) 2 (120) 
Y(lhd), (128) 

o 2 /h 2 o 

690 

II 

Ba(hfac) 2 

(tetraglyme) 

(111-175) 

Cu(thd) 2 

Y(thd’), 

(181-173) 

o 2 /h : o 

800-900 

12 

Ca(hfac ) 2 ( trigl yme) (90) 

Sr(hfac) 2 

(tetraglyme) (120) 

UiPh, (125) 
Cu(acac) 2 (132) 

Ai7N 2 () 

650 


Numbers in parentheses are the temperatures to which the precursor was heated. 


X 

CVD of Ceramic Superconductor Films 


Substrate 

Deposit 

Growth rate 

Comments 

Ref. 

MgO(IOO) 

Bi 2 (Sr. Cah 
Cu 2 O v 

2-3 jum/hr 

- 

329 

Ag 

Various 

BSCCO 

25 nm/hr 

— 

.3.30. 331 

Ag 

YBa 2 Cn,() 7 , 

0.2-2 /xm/hi 

PL-MOCVD 

332. 333 

La A10 * 

YBa : Cu0 7 

50-450 A/m in 

powders 
mixed and 
evaporated 

334 

YSZ 

SrTiO* (100) 

YBa : Cu 3 0 7 _ r 

10-30 nm/min 

low- 

pressure 

PL CVD 

335 

SrTiO* 

YBu : Cu 3 () 7 _ l 

10-30 nm/min 

low' pressure 

336 

sapphire 

BaCO* 

not reported 

atm. 

pressure 

reactor 

203 

YSZ 

Tl-Ba- 

Ca-Cu-O 

— 

— 

337 

Si (100) 

Bali 

5 nm/min 

no details 

162 

MgO 

Y*Ba : Cu,(> 7 

for BalC 

of YBC 
deposition 


MgO (00!) 

LaAlO, (001) 

Y Ba : Cu t O ? , 

().()2 ^m/hr 

— 

338 

MgO (100) 

YBa : Cu 3 0 7 

Y ; BaCuO ? 

( BaO 

13 nm/min 


339 

MgO 

Bi-Si,-Ca- 
Cu-O 

10 nm/min 

low pressure 

340 
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C. Group 2 Metal Poly(pyrazolyl)borates 

To our knowledge, Group 2 poly(pyrazolyl)borates have not been used 
as precursors to deposit Group 2 element-containing films by CVD. 


D. Group 2 Metal Alkoxides 

Group 2 metal alkoxide compounds are potentially suitable as CVD 
precursors, especially because hydrolysis and subsequent thermally in¬ 
duced dehydration are likely to lead to complete removal of the supporting 
ligands. There are examples of Group 2 metal alkoxide compounds that 
are claimed to have suitable volatility for CVD, but to our knowledge 
these have not been used successfully. However, Group 2 metal alkoxide 
compounds have found widespread application in solution routes to metal 
oxide materials, an area that has been reviewed. 1 


E. Group 2 Metal p-Diketonates 

The Group 2 /3-diketonates have been used extensively in CVD experi¬ 
ments, and representative examples are reviewed here. The Group 2 
/3-diketonates can be divided into a number of different classes. Here we 
discuss the attributes of these compounds as precursors for CVD by 
classifying them according to the presence or absence of polydentate donor 
ligands. In the literature, species with empirical formula M(/3-diketonate) 2 
have been termed “first-generation precursors,” while those that possess 
additional polydentate ligands to avoid oligomerization have been termed 
“second-generation precursors.” 20 In addition, there are a number of 
different subclasses of precursors, according to whether or not they pos¬ 
sess fluorinated /3-diketonate ligands, are /3-ketoiminates, or have the 
polydentate ligands bonded to the /3-diketonate ring (so-called lariats). 

1. Adduct-free M(fi-Diketonate) 2 

Unsubstituted Group 2 bis-/3-diketonate compounds have been used 
extensively as precursors for the deposition of Group 2 metal-containing 
films. This section is organized according the nature of the material depos¬ 
ited. Metal fluoride films are described first, followed by metal oxide films. 

a. Fluorinated M(fi-Diketonate) 2 as Precursors for MF 2 Films. Metal 
fluorides have been deposited using fluorinated /3-diketonate as precursors, 
taking advantage of the presence of fluorine in the precursor as the source 
of fluoride in the film. Films deposited in the absence of an oxidizing agent 
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also contain significant levels of carbon impurities. 154,190 This problem is 
solved by addition of 0 2 and/or N 2 0, which oxidizes carbon at typical 
deposition temperatures (500-750°C), but does not lead to oxide impurities 
because of the thermodynamic stability of the MF 2 phases. 213,308,309,344 The 
process of depositing metal fluorides from a ‘‘single-source” precursor (a 
precursor that contains all the elements required in the final film) is inher¬ 
ently less complex than deposition of ternary materials: only a single 
metal-containing reagent is involved, and so the process is less sensitive 
to changes in precursor stability or volatility. As a result, fluorinated 
/3-diketonates have been used successfully, with the observations that tfac 
derivatives are generally less volatile than their hfac analogues, and that 
the order of decreasing volatility for a given series, M(/Tdiketonate) 2 , is 
Ca > Sr > Ba. 154 Sato and Sagawara observed that the derivatives, 
Ba(ofhd) 2 and Ba(dfhd) 2 , sublime almost completely based on TGA data 
and are insensitive to hydrolysis, making them the optimum precursors 
for C VD of metal fluorides. 213 The observed evaporation rates as a function 
of temperature are plotted in Fig. 59. Films deposited from these precur¬ 
sors are generally high-quality fluorides—e.g., BaF 2 , which is highly pref¬ 
erentially (111) oriented—and have C and O impurity levels at the limits 
of detection of Rutherford back-scattering (RBS) and secondary ionization 
mass spectroscopy (SIMS). 

Other nonfluorinated /Tdiketonates such as Ba(dpm) 2 have been used 
in conjunction with HF, in one case by sequential reaction using atomic 
layer deposition (ALD). 311 This method also gave high-quality fluoride 
films and enabled deposition of multilayer stacks for optical filtering appli¬ 
cations. 


Temperature fC) 

300 250 200 160 



1/T x 103 

Fig. 59. Graph of “relative volatility” (evaporation) rates vs reciprocal temperature for 
Ba(dfhd) 2 , Ba(ofhd) 2 , Ba(fod) 2 , Ba(hfac) 2 , and Ba(ppm) 2 . (Redrawn from Ref. 213.) 
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b. M{ ^-Diketonate) 2 as Precursors to Metal Oxide Films . Fluorinated 
and nonfluorinated Group 2 /3-diketonates have been used extensively for 
the deposition of metal oxide films. Fluorinated precursors can lead to films 
with unacceptable levels of fluoride contamination, which is a problem 
particularly for films used for electronic applications. However, fluori¬ 
nated /3-diketonates generally exhibit the highest volatilities, so there has 
been a great deal of interest in the development of volatile nonfluorinated 
precursors. This section reviews CVD of metal oxide films using nonfluo¬ 
rinated and then fluorinated /3-diketonates. 

The species “MCtmhd)/’ have been used extensively for the deposition 
of metal oxide films containing M = Sr and Ba. However, the literature 
describing deposition experiments using these compounds is plagued with 
comments on irreproducibility and problems associated with transport of 
the precursors. The origin of these problems lies in the high temperatures, 
often above 200°C, required to transport these precursors, which leads 
to thermally induced reactions during long exposures. In addition, there 
has been some ambiguity associated with the nature of some of these 
precursor species, especially in the case of “Ba(tmhd) 2 .” 215 As mentioned 
earlier, the material described as “BaCtmhdV’ is either Ba 4 (tmhd) 8 or 
Ba 5 (tmhd) 9 (0H)(H 2 0) 3 , depending on the method by which it was pre¬ 
pared. 

The irreproducibility in transport of Ba compounds has been verified by 
attempts to measure the vapor pressures of such species. The compound 
“Ba(dpm) 2 ” decomposed during these experiments, but “CatdpmV’ re¬ 
mained intact and corresponded to a Clausius-Clapeyron fit of log P 
(torr) = -3760/T 4- 7.06 (T = temperature in kelvins). This gives vapor 
pressure values of approximately 1 mtorr at 100°C and 1 torr at 250°C. 345 
Although vapor pressure data for k ‘Ba(dpm) 2 ” do not appear to exist, the 
evaporation rate has been quantified. The steady-state evaporation rate, 
n 0 (T) in mol*h _1 , can be expressed as a function of 7, n 0 (T) = 7.17 x 
10 5 exp(-24000/RT). 346 This equation also gives a value for the enthalpy 
of vaporization (24 kcal-mol" 1 ), close to the value previously obtained 
by Schmaderer et a/. 347 Gas chromatographic data provide supporting 
evidence that M(thd) 2 species are oligomeric in the vapor phase. 348 Never¬ 
theless, these species have been used to deposit metal oxide films, includ¬ 
ing BaTi0 3 and ceramic superconductor films. Attempts to deposit metal 
oxide films, MO, from M(dpm) 2 resulted in extensive contamination with 
carbon in the form of the metal carbonate and amorphous C. In the same 
report, fluorinated derivatives, M(fod) 2 , gave the corresponding fluo¬ 
rides. 349 

Representative examples of the deposition of perovskite-phase MTi0 3 
films are summarized in Table IX. The films generally have been deposited 
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using the following conditions: Ti source = Ti(0-/-Pr) 4 ; ~200-250°C; other 
reagents, H 2 0 and/or 0 2 , and/or N 2 0 in reduced pressure, cold-wall CVD 
reactors, although there are some examples of liquid delivery. Representa¬ 
tive examples of ceramic superconductor films are summarized in Table 
X. The films have been deposited under similar general conditions to the 
MTi0 3 films, but with metal /3-diketonates such as Y(tmhd) 3 , Cu(acac) 2 
or Cu(tmhd) 2 , and TICp as the sources of the other metals. Most deposition 
experiments using “Ba(tmhd) 2 ” have been carried out using fresh samples 
of the precursor for each run as a result of the irreproducibility in transport 
rates at the source temperature necessary to establish sufficient vapor 
pressure. The Sr and Ca analogues are usually more volatile at lower 
temperatures, and so are less prone to thermal decomposition, although 
heating “SrCdpmV’ results in degradation of its properties, 313 and the plot 
of deposition rate of CaO as a function of tt Ca(dpm) 2 ” source temperature 
shows a reduction with increasing temperature above 230°C (Fig. 60). 317 
The first example of an in situ MOCVD-derived BaTi0 3 film was claimed 
as recently as 1991, 30 although attempts to grow epitaxial films were unsuc¬ 
cessful. The first report of epitaxial BaTi0 3 films grown by CVD was 
claimed in 1992 using Ba(hfac) 2 (tetraglyme) as a Ba source. 326 Attempts 
to use other reagents such as Sr(acac) 2 , Sr(OAc) 2 , Sr(0-/-Pr) 2 , and Sr 
(cyclohexanebutyrate) 2 were unsuccessful, either because these com¬ 
pounds had insufficient vapor pressures, or because they decomposed 



Fig. 60. Weight of CaO deposited plotted against the evaporation temperature of 
Ca(dpm) 2 . (Redrawn from Ref. 317.) 
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upon heating. 31 Yoon et a/. 350 ’ 351 deposited crystalline BaTi0 3 at the unusu¬ 
ally low temperature of 370°C using Ba(tmhd) 2 , Ti(0-z-Pr) 4 , and N 2 0 
as reagents. 

Group 2 metal sulfide films have been deposited by ALD and ALE 
using “M(thd) 2 1 ’ compounds. For example, SrS was deposited from 
“Sr(thd) 2 ” and H 2 S at a substrate temperature of 200-340°C. 32 ° 

Some of the problems of the irreproducibility in the delivery of 
“M(dpm) 2 ” compounds have been circumvented using liquid delivery 
approaches as described earlier. Films of the solid solution Ba^.^Sr^TiOj, 
BST, were deposited using a mixture of “M(tmhd) 2 ” compounds, M = 
Ba or Sr, dissolved in THF, a coordinating solvent. 38 This method led 
to BST films with excellent properties and step coverage, as shown in 
Fig. 61. 318 

Fluorinated Ba /3-diketonates have been seldom used for the deposition 
of metal oxide films as a result of the potential problem of fluoride incorpo¬ 
ration and the poor volatility of the base-free compounds. Films deposited 
from fluorinated precursors generally require a subsequent anneal under 
an oxidizing ambient to remove metal fluoride impurities. 

2. Lewis Base Adducts , M( fi-Diketonate) 2 L n 

The other solution to the problem of low precursor volatility and instabil¬ 
ity that has been used extensively in the deposition of Group 2 metal- 
containing films is the incorporation of various donor ligands into the 
coordination sphere of the metal ion, which prevents oligomerization. 



Fig. 61. Cross-sectional SEM micrograph of a Ba^Sr/TiCh film showing step coverage 
using Ba(dpm) 2 , Sr(dpm) 2 , and Ti(t>/-Pr) 4 at 753 K. (Redrawn from Ref. 318.) 
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This approach also has some drawbacks, which are associated with the 
dissociation of the neutral ligands; this is discussed as it is encountered. 

a. M{fi-Diketonate) 2 L n , Where L = a Monodentate Donor. In order 
to improve the volatility of Ba(£-diketonate) 2 compounds, various donor 
species have been added to reduce or prevent oligomerization. For exam¬ 
ple, it was noted that the addition of Htmhd to the carrier gas used for 
evaporation of tl Ba(tmhd) 2 ” resulted in a constant vapor pressure over 
several hours. 352 A dramatic increase in the stability and volatility of 
“Ba(tmhd) 2 ” was reported in the presence of nitrogen-based donors, 
which resulted in a lowering of the melting point (70-100°C) and evapora¬ 
tion temperature (130-230°C) of the Ba(tmhd) 2 source. 164 - 218 353 Nitrogen- 
free barium oxide films were deposited at substrate temperatures of 500°C 
under ambient pressure with NEt 3 added to the N 2 /0 2 carrier gas stream. 
The presence of the amine was proposed to dissociate the Ba 4 (tmhd) 8 180 
tetramer to explain the improved transport under these conditions. Subse¬ 
quent to this study, the compound [Ba(tmhd) 2 (NH 3 ) 2 ] 2 was isolated and 
structurally characterized in the solid state by single-crystal X-ray diffrac¬ 
tion. 174 However, for this species the amine ligand is not retained on vapor 
transport, which accounts for the need for a large excess of donor in the 
system. The vapor phase transport of Ba(thd) 2 was studied by dissolving 
it in NEt 3 and injecting this solution into a flowing Ar gas stream. This 
evaporative precursor transport (EPT) method led to greatly improved 
reproducibility in reagent transport. The method was used to deposit Ba- 
containing films in the presence of 0 2 at substrate temperatures of 750°C 
on sapphire (-102) or Si (100). Barium carbonate films were formed with 
growth rates of up to 1 ju,m*h _1 . The residue deposited in the thermal 
evaporator during the course of these experiments, when conducted with¬ 
out the rigorous exclusion of moisture, led to the identification of the 
interesting Ba cluster [HNEt 3 ] 2 [Ba 6 (thd) ]0 (H 2 O) 4 (OH) 2 (O 2 )]. 182 

Other donor adducts of monodentate ligands, such as MeOH and H 2 0, 
are known and have been structurally characterized. 172 These are typically 
lower-nuclearity clusters compared to the parent Ba(/3-diketonate) 2 , 
which probably accounts for many observations associated with the im¬ 
provement of precursor transport in the presence of these additives. 

b. M(/3-Diketonate) 2 L n , Where L = a Polydentate Donor . The 
monodentate donor adducts of the Group 2 /Tdiketonates typically dissoci¬ 
ate the neutral donor ligand when heated, which requires that an excess 
of the donor be used during vapor phase transport. A potential alternative 
solution to adding excess ligand is to use a polydentate donor ligand. A 
polydentate ligand can potentially solve this problem by having a higher 
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entropic barrier to dissociation, and can also lead to further deoligomeriza¬ 
tion of the parent Group 2 /3-diketonate because the polydentate ligand 
is better able to satisfy the desired coordination number of the central 
metal. A number of cyclic and acyclic poly ether and polyamine neutral 
donor compounds have been prepared and structurally characterized, as 
described earlier, and a number of these derivatives have been used in 
the deposition of Group 2 metal-containing films. Here, the fluorinated 
derivatives are described, followed by the nonfluorinated derivatives. 

The deposition characteristics using polydentate donor ligand deriva¬ 
tives of M(hfac) 2 are summarized in Tables IX and X. The deposition of 
SrTi0 3 films using Sr(hfac) 2 (tetraglyme) showed a number of advantages 
in terms of precursor transport compared to unligated precursors. In one 
report, 323 the source temperature for Sr(hfac) 2 (tetraglyme) (105°C) was 
100°C lower than that typically used for “Sr(dpm) 2 ” and, in addition, 
Sr(hfac) 2 (tetraglyme) was stable over several months. Ba(hfac) 2 (tetra- 
glyme) exhibited significantly improved volatility and vapor pressure sta¬ 
bility in comparison to Ba(fod) 2 and Ba(dpm) 2 . Again, the ligated precur¬ 
sor, Ba(hfac) 2 (tetraglyme), could be transported (105-120°C) at 
temperatures significantly lower than unligated analogues. 

A number of thermogravimetric analyses of M(hfac) 2 L adducts have 
been carried out. The studies generally show that the adducts sublime to 
leave a residue of about 5-10 wt.% of the original sample. For example, 
the sublimation of the compounds M(hfac) 2 (tetraglyme), where M = 
Ca, Sr, Ba, occurred in the ranges 100-300°C, 140-300°C, and 160- 
350°C, respectively, as a single step. 189 In contrast, the parent compound, 
Ba(hfac) 2 - H 2 0, showed two well-defined steps consistent with the initial 
loss of coordinated water. 354 Deposition experiments using M(hfac) 2 
(tetraglyme) compounds as sources resulted in deposition of crystalline 
MF 2 films on Si(lll) substrates at 450-550°C in the presence of 0 2 . 189 

A variety of studies that employ polydentate ligand donor adducts of 
fluorinated Group 2 /Tdiketonates have shown that crystallographically 
phase-pure metal oxide films can be deposited. However, there are some 
problems associated with fluoride incorporation. The presence of fluoride 
in ceramic superconductors is less of a problem compared to BST films, 
which require a very low (ppm) level of undesirable charge carriers. Stron¬ 
tium titanate films deposited at 810°C from Sr(hfac) 2 (tetraglyme) in the 
presence of water vapor showed no evidence for fluoride contamination 
using both X-ray diffraction and Auger electron spectroscopy. 323 ’ 324 Epi¬ 
taxial films were grown, as illustrated by the X-ray diffraction data given 
in Fig. 62. However, it is likely that fluoride contamination is present at 
lower levels that are still detrimental to certain film properties. As a result, 
polydentate donor ligand adducts of nonfluorinated Group 2 /3-diketonates 



322 


W. A. WOJTCZAK, P. F. FLEIG, AND M. J. HAMPDEN-SMITH 


a {220}Sri 

pd- 

rio 3 

-—— r 

. 4 . . __ 

b {202} Sri 

J, _ 

rio 3 



c {220} La^ 

uo 3 



, , i. i . ■ ■ i . ■ . ~ ■ . -1—3 


1 i i.i.l i ■ I 111 i —L ■ , -J-.l 

0 90 180 270 360 

Phi (Degrees) 


Fig. 62. Phi scan X-ray diffraction patterns of (a) the SrTi0 3 {220} reflections, (b) the 
SrTi0 3 {202} reflections, and (c) the LaA10 3 substrate {220} reflections, showing the epitaxial 
relationship between the SrTi0 3 film (deposited from Sr(hfac) 2 (tetraglyme) and Ti(0-/'-Pr) 4 ) 
and the (100) LaA10 3 substrate. (Redrawn from Ref. 323.) 


have been investigated as precursors, but these species have proven less 
useful. The problem frequently encountered during the transport of these 
precursors is thermal dissociation of the polydentate ligand prior to evapo¬ 
ration. This problem arises because the metal center is more electron- 
rich when it possesses /3-diketonate ligands substituted with electron- 
donating (e.g., f-Bu), rather than electron-withdrawing (e.g., CF 3 ), ligands; 
as a result, the metal center binds the neutral donor less strongly in the 
case of tmhd than that of hfac. A comparison of the relative transport 
properties of “Ba(thd) 2 ” and Ba(thd) 2 (tetraglyme) revealed many of the 
problems associated with transporting “Ba(thd) 2 ” described earlier, and 
also that Ba(thd) 2 (tetraglyme) exhibited significant precursor transport at 
vaporization temperatures of 220-250°C. 203 However, dissociation of the 
tetraglyme ligand was observed at “moderate” temperatures, and the 
amount of barium transported was lower when compared to Ba(thd) 2 . 
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These authors suggest that while Ba(thd) 2 (tetraglyme) is not suitable for 
deposition of Ba-containing metal oxide films using conventional precursor 
delivery, it might be suitable for use in nontraditional liquid delivery 
methods. 

Liquid delivery of polydentate donor adducts of nonfluorinated j3- dike- 
tonates has been reported. The species Ba(thd) 2 (tetraglyme), Ba(thd) 2 
(pmdt), and Ba(thd) 2 (hmtt) have been used as precursors to deposit 
BaTi0 3 films. 42,355 A comparison of the sublimation behavior of these 
compounds reveals that Ba(thd) 2 (tetraglyme) dissociates tetraglyme with¬ 
out transporting Ba(thd) 2 , while Ba(thd) 2 (pmdt) and Ba(thd) 2 (hmtt) disso¬ 
ciate their respective polyamine ligands during sublimation, but permitting 
transport of Ba(thd) 2 . It was concluded that Ba(thd) 2 (pmdt) is the slightly 
more thermally stable of the two poly amine compounds. Deposition of 
BaTi0 3 and Ba^Sr/TiC^, using liquid precursor delivery with flash evap¬ 
oration, revealed that the pmdt compound is more suitable because it 
allowed a larger temperature window for effective vapor transport and 
was less sensitive to changes in reactor wall temperatures, 

A precursor design strategy has been described that avoids the problem 
of fluoride contamination resulting from fluorinated ligands and, at the 
same time, the problem of precursor transport associated with the dissocia¬ 
tion of the neutral polydentate donor ligand. This design involved the 
isoelectronic replacement of one of the /3-diketonate oxygen atoms with 
an imino group, =NR, where the R group contained a polydentate donor 
as shown in Section III. 205,206 When compared to “Ba(dpm) 2 ,” these com¬ 
plexes exhibited greater volatilities and comparable residues after sublima¬ 
tion. The deposition of BaPb0 3 was demonstrated using one of these 
compounds as precursor. A similar strategy was developed by Rees et 
al ., in the substitution of one of the alkyl groups of the /3-diketonate 
ligand for a polydentate donor. 356 The latter species was also a liquid Ba 
compound under ambient conditions, which is a valuable property and 
can lead to better control over precursor delivery as described earlier. 

Other strategies to volatile Ba compounds that are also liquids under 
the transport conditions include the use of polydentate ether ligands where 
the number of ether oxygens is greater than can coordinate to a Ba center, 
which results in the presence of uncoordinated, dangling poly ether groups 
that disrupt crystal packing forces. The species Ba(hfac) 2 (MeO(CH 2 
CH 2 0) 6 -az-Bu and Ba(hfac) 2 (Me0(CH 2 CH 2 0) 6 -C 2 H 5 are typical examples. 
They exhibit similar sublimation behavior to Ba(hfac) 2 (tetraglyme), with 
Ba(hfac) 2 (Me0(CH 2 CH 2 0) 6 -C 2 H 5 evaporating approximately three times 
faster than Ba(hfac) 2 (tetraglyme) under typical BaTi0 3 delivery condi¬ 
tions. 20,328 The liquid precursors could be used reproducibly over a 
period of several months without detectable degradation of vapor pressure 
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or transport characteristics. This is in contrast to solid Ba(hfac) 2 (tetra- 
glyme) samples, which slowly lose volatility with time and require pulveri¬ 
zation to restore volatility. 


F. Group 2 Metal Carboxylates 

In order to build on the results described earlier and also to address 
some of the outstanding issues, a number of polydentate ligand Group 2 
metal carboxylate compounds have been prepared as precursors for the 
deposition of Group 2 metal-containing films. Group 2 metal carboxylates 
themselves are expected to be oligomers or infinite polymers, and there¬ 
fore completely in volatile. However, by employing an analogous strategy 
to that proposed earlier, polydentate ligand adducts could have a much 
lower degree of aggregation and may exhibit sufficient volatility to allow 
deposition of CVD-derived films. The potential advantage of carboxylate 
precursors over their /3-diketonate counterparts is that the ligands might 
be eliminated at a significantly lower temperature, by ester elimination, 
than is possible through thermal decomposition of /3-diketonate ligands 
in the presence of an additional oxide ion source such as H 2 0 or 0 2 . It 
has been demonstrated that the reaction between a metal alkoxide and a 
metal carboxylate can lead to complete elimination of organic supporting 
ligands, with concomitant formation of an ester according to Eqs. (30) 
and (31). 357,358 

M(0 2 CR), ; + M(OR')„ > M(0 2 CR)„_ v (OR), ; _ v + * RC0 2 R' (30) 

M(0 2 CR)„_ v (0RV v > MO y + (n - jt)RC0 2 R ? (31) 

As a result, it may be possible to achieve a surface initiated ester elimina¬ 
tion reaction in which a neutral polyether adduct of a Group 2 carboxylate 
and a titanium alkoxide are delivered to the substrate surface. Because 
the Group 2 carboxylate is coordinatively saturated, it is unlikely to react 
with the metal alkoxide at ambient temperatures. However, when the 
Group 2 carboxylate adsorbs on the heated substrate surface, the neutral 
donor ligand can dissociate, releasing a highly reactive, coordinately unsat¬ 
urated monomer M(0 2 CR) 2 that can react with the Ti(OR ')4 present to 
eliminate two equivalents of ester. The remaining alkoxide ligands can be 
removed through /3-hydride elimination processes that have been observed 
previously. Because ligand oxidation (e.g., by 0 2 or N 2 0) is not required, 
because the dissociation of neutral polydentate donor ligands is a low- 
energy process, and because it has been shown that ester elimination can 
also occur at low temperatures (<100°C), this process should be capable 
of depositing Group 2 metal-containing films at low temperatures relative 
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to existing processes. Furthermore, if the Group 2 element ligands are 
completely eliminated by ester elimination at relatively low temperatures, 
lower than their thermal decomposition temperature, there is a greater 
possibility of low impurity levels, especially using fluorinated ligands and 
avoiding the detrimental side effect of fluoride contamination. Finally, 
fluorinated carboxylate ligands may render the Group 2 metal center more 
electron deficient than fluorinated /Tdiketonate ligands. This feature may 
help to avoid premature dissociation of the neutral polydentate ligand. 

A number of examples of compounds with the empirical formula 
[M(0 2 CR) 2 ] m (L)„ have been prepared and characterized in the solid state 
as described earlier. Attempts to deposit MTi0 3 films from these species 
using AACVD has resulted in low deposition rates, mainly as a result of 
their low volatility and their propensity to dissociate the polydentate donor 
ligand. In control experiments, in the absence of a Ti source, Group 2 
element-containing films have been deposited, but their deposition rates 
are extremely low. To provide further insight, the deposition of Group 
2 element-containing films has been studied by liquid-phase deposition 
techniques using representative examples of this class of compounds. 
The reaction of these polyether barium carboxylate compounds with 
Ti(0-/-Pr) 4 was studied by spin coating ethanol solutions of these species 
onto Si substrates, followed by thermal treatments to different tempera¬ 
tures. X-ray diffraction data of films prepared from Ba 2 (0 2 CCF 3 ) 4 
(15-crown-5) 2 showed only the presence of crystalline BaF 2 at 350 and 
450°C and a mixture of crystalline BaTi0 3 and BaF 2 at 550 and 650°C. 
In contrast, X-ray diffraction of films deposited from solutions of M 2 
(0 2 CCF 3 ) 4 (tetraglyme) and Ti(/-OPr) 4 showed that amorphous films was 
formed in the temperature range 250-500°C and crystalline MTi0 3 (M = 
Sr, Ba, Bao 7 Sr 0 3 ) at 575°C and above. Auger electron spectroscopy of 
amorphous films prepared at 350°C showed that the films had an elemental 
composition consistent with the presence of amorphous MTi0 3 (M = Sr, 
Ba, Ba 07 Sr 03 ) and that after further heating to 575°C, the MTi0 3 (M = 
Sr, Ba, Bao 7 Sr 03 ) composition was retained. This is consistent with tne 
crystallographic data, which reveal the presence of MTi0 3 as the only 
crystalline phase. The crystalline films showed no fluorine contamination 
by Auger electron spectroscopy. 

Liquid-phase metal-organic decomposition methods to prepare Group 
2 element-containing films have employed carboxylate derivatives of the 
Group 2 elements quite extensively. However, we can find very few 
examples of CVD using Group 2 metal carboxylates. Kim et al. used an 
ultrasonic spray technique to deposit (110) preferential orientation BaTi0 3 
films using barium hexanoate and Ti(acac)(0-/-Pr) 2 , but it is unclear 
whether this was by CVD or a solution route. 
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G. Group 2 Metal Thiocarboxylates 

The Group 2 thioacetate compounds, M(SOCMe) 2 L, have been studied 
as single-source precursors for the formation of binary Group 2 metal 
sulfides, MS. The rationale to investigate these compounds is that if the 
reaction pathway involves thermally induced elimination of thioacetic 
anhydride according to Eq. (32), then the metal sulfide film should be 
relatively pure. 


M(SOCMe) 2 L-> MS + (MeCO) 2 S + L (32) 

The thermal decomposition behavior of these compounds was studied 
by thermogravimetric analysis (TGA). In general, thermal decomposition 
in air resulted in loss of the polyether ligand and reaction to form mixtures 
of the corresponding oxides and sulfates, as was observed previously for 
the thermal decomposition of M(SOCMe)(0 2 CMe), M = Ca and Sr 
However, thermal decomposition in dinitrogen resulted in loss of the 
polyether ligand, reaction of the thioacetate ligands, and formation of the 
corresponding crystalline metal sulfide, MS, by 300°C. 

Metal sulfide films were also deposited by aerosol-assisted (AA)CVD, 
as exemplified by the results for Ca(SOCMe) 2 (15-crown-5) described here. 


2-0-Scale 



Fig. 63. X-ray diffraction pattern from CaS formed from CVD of Ca(SOCMe) 2 (15- 
crown-5). {Redrawn from Ref. 270.) 
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Aerosol delivery of the precursors was chosen because it was expected 
that although the species were monomeric, their volatility was likely to 
be low based on the TGA results described earlier, and that the crown 
ether might dissociate on heating for extended periods. The compound 
Ca(SOCMe) 2 (15-crown-5) was dissolved in ethanol and delivered in a 
nitrogen gas stream to a cold-wall atmospheric pressure CVD reactor 
where the substrate temperature was varied between 300 and 400°C. Anal¬ 
ysis of films deposited at 310°C revealed that crystalline CaS was depos¬ 
ited, approximately 100 nm thick, with a deposition rate of 10 nm/min. 
The X-ray powder pattern indicates that CaS was formed with preferential 
(200) orientation (see Fig. 63). The SEM data showed that the films com¬ 
prised cubic crystallites with dimensions consistent with the linewidth of 
the peaks observed by X-ray diffraction. The bulk composition corres¬ 
ponded to CaS as determined by AES. 


V 

SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS 

A great deal of progress has been made in the past 5 years in the 
development of Group 2 compounds suitable for the deposition of Group 
2 element containing films. It seems most logical to organize these conclud¬ 
ing remarks on precursor design and deposition strategies based on the 
material reviewed in this article according to the categories of precursor 
design criteria described in the introduction. 

Volatility: A large variety of different ligand systems have been used 
in an attempt to impart volatility to Group 2 compounds. It is difficult 
quantitatively to compare the volatility of the species described in this 
review for the reasons stated earlier, but it appears that the fluorinated 
/3-diketonates (e.g., Ba(tdfnd) 2 ) and their polydentate ligand adducts (e.g., 
Ba(hfac) 2 (18-crown-6)) are among the most volatile examples. Fluori¬ 
nated /3-diketonate derivatives are generally more volatile than non-fluo- 
rinated /3-diketonate derivatives, and donor adducts are generally more 
volatile than base-free compounds. 155 359 However, donor adducts of non- 
fluorinated metal /3-diketonates generally dissociate prior to sublimation. 
Even though advances have been made in this respect, there has not yet 
been a significant breakthrough that is likely to make a large impact on 
industrial applications. Group 2 element precursors that exhibit sufficient 
volatility to be transported by conventional delivery methods are still 
desperately needed. Fluorinated ligands have the drawback that fluoride 
contamination of films is unacceptable in some applications, and as a 
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result nonfluorinated ligand sets are required. However, anionic substitu¬ 
ents with highly electronegative substituents are generally required to 
render the metal center, especially Ba, sufficiently Lewis acidic for coordi¬ 
nated donor ligands to remain bonded to the metal center during sublima¬ 
tion. A better understanding of factors that control intermolecular interac¬ 
tions and lattice energies is required. 

Reactivity: The methods by which the supporting organic ligands have 
been removed during CVD of Group 2 metal-containing films have gener¬ 
ally employed either thermally induced oxidation of the ligands or hydroly¬ 
sis. If significantly lower deposition temperatures are to be achieved (as is 
necessary for some applications), then alternative strategies are probably 
needed: complete oxidation of organic ligands (e.g., using 0 2 ) is likely to 
require temperatures in excess of 500°C, and hydrolysis does not appear 
to result in complete elimination of ligands, especially fluorinated ligands. 
In the case of Group 2 precursors with nonfluorinated ligands, hydrolysis 
(or, in general, the addition of a reagent that will eliminate the ligands 
and ultimately replace them with the desired atom, i.e., O from H 2 0 or S 
from H 2 S) might be a good strategy, but will be complicated if another 
metal-containing reagent is used. For example, in the deposition of 
BaTi0 3 , the use of Ba- and Ti-containing reagents that are both hydrolyti¬ 
cally sensitive is likely to lead to gas-phase reactions and particle formation 
unless special precautions are taken. Therefore, a potentially better strat¬ 
egy might involve the design of Group 2-containing compounds that con¬ 
tain ligands that can be completely eliminated by thermal initiation, or 
that are designed to react with the ligands of an accompanying metal- 
containing reagent on thermal initiation. Examples of these strategies, 
which involve ether and ester elimination, were described earlier. 

Precursor transport: Although related to the volatility described earlier, 
transport is mentioned separately here because of potential impact on 
this area. Liquid delivery methods have demonstrated advantages over 
conventional delivery methods for thermally unstable and low-volatility 
precursors, as illustrated by some of the examples described in this review. 
The development of improved transport techniques might alleviate the 
necessity for better volatilities and thermal stabilities required by tradi¬ 
tional delivery methods of these precursors. However, whether liquid 
delivery methods will be adopted into Si-based manufacturing processes 
remains to be seen. It seems more likely that these transport methods 
will be used in applications where less stringent control over purity is ac¬ 
ceptable. 

To solve problems of volatility, transport, and reactivity, and simultane¬ 
ously to obtain high-quality Group 2 metal containing films at relatively low 
substrate temperatures, is clearly still a significant challenge to chemists. It 
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is reasonable to ask if significant developments, especially in volatility, 
are likely to be made. We feel that significant improvements in volatility 
and reproducible precursor transport can be made. There is a large effort 
in the development of ligands that encapsulate Group 2 elements, which 
have been studied for biological reasons and could provide insight 
here. 299,360 " 371 However, from a technological viewpoint, we feel that the 
most useful precursors for CVD applications are likely to be those that 
are simple and inexpensive, and that rely on chemical ingenuity rather 
than complex ligand design to transport them to a surface. 
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